The 6,7 Li MAS NMR spectra of lithium ions in paramagnetic host materials are extremely sensitive to number and nature of the paramagnetic cations in the Li local environments and large shifts ͑Fermi contact shifts͒ are often observed. The work presented in this paper aims to provide a rational basis for the interpretation of the 6,7 Li NMR shifts, as a function of the lithium local environment and electronic configuration of the transition metal ions. We focus on the layered rocksalts often found for LiMO 2 compounds and on materials that are isostructural with the K 2 NiF 4 structure. In order to understand the spin-density transfer mechanism from the transition metal ion to the lithium nucleus, which gives rise to the hyperfine shifts observed by NMR, we have performed density functional theory ͑DFT͒ calculations in the generalized gradient approximation. For each compound, we calculate the spin densities values on the transition metal, oxygen and lithium ions and map the spin density in the M-O-Li plane. Predictions of the calculations are in good agreement with several experimental results. We show that DFT calculations are a useful tool with which to interpret the observed paramagnetic shifts in layered oxides and to understand the major spin-density transfer processes. This information should help us to predict the magnitudes and signs of the Li hyperfine shifts for different Li local environments and t 2g vs e g electrons in other compounds.
I. INTRODUCTION
The number of NMR studies of Li-intercalation oxides has increased dramatically over the last few years and systems with an increasingly large number of transition metal ions, doping elements, oxidation states, and structural types have now been investigated with 6 Li and 7 Li NMR. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The lithium MAS NMR spectra are sensitive to the presence of paramagnetic cations in the local coordination environment of the lithium ions. These paramagnetic ions create spin density at the lithium nucleus, which can lead to large hyperfine shifts in the NMR ͓and electron spin resonance ͑ESR͔͒ spectra, providing information concerning the lithium local environment. For many systems, several resonances with large positive or negative hyperfine shifts have been observed, and their assignments are not always obvious. In this paper, we show by means of density functional theory ͑DFT͒ calculations that a rational interpretation of the shifts in terms of the electronic configuration and geometric environment of the transition metal and Li ions can be provided. We also analyze the spin-density transfer mechanisms from the transition metal ion to the lithium nucleus. Application of this method to other systems may result in an increased level of confidence with which shifts are assigned, and may increase the level of information that can be obtained from the NMR spectra of paramagnetic oxides.
Fermi contact NMR shifts have been calculated ab initio in molecular solids within the unrestricted Hartree Fock method and with DFT, [11] [12] [13] [14] however, no such studies, to our knowledge, have been performed in transition metal oxides or other materials with a large number of electrons. The Fermi contact interaction ͑i.e., the hyperfine interaction͒ can also be observed by ESR, and ab initio calculations of this interaction have been performed on small systems and compared with experimental ESR results. 15 Here we focus on two types of layered compounds: La 4 LiM O 8 (M ϭCr, Mn, Ni͒ isostuctural to K 2 NiF 4 and LiM O 2 (M ϭCo, Cr, Mn, Fe, Ni͒ and substituted LiM y Co 1Ϫy O 2 (M ϭCr, Ni͒ isostructural to ␣-NaFeO 2 or NaNiO 2 depending on the transition metal ion. The LiM O 2 (M ϭCo, Cr, Mn, Fe, Ni͒ phases are of particular interest as positive electrode materials for lithium-ion batteries. LiCoO 2 has been used since 1994 in commercial lithium batteries. Nickel substitution for cobalt plays an important role for increasing the capacity, and the substituted Li x Ni y Co 1Ϫy O 2 systems have been extensively studied over the past few years. 16 -24 More recently, materials such as Li͓Co x Li (1Ϫx)/3 Mn (2Ϫ2x)/3 O 2 ͔, [25] [26] [27] Li͓Cr x Li (1Ϫx)/3 Mn (2Ϫ2x)/3 O 2 ͔, 10, 28 and Li͓Ni x Li (1Ϫ2x)/3 Mn (2Ϫx)/3 O 2 ͔ 29-31 have also been proposed as good candidates to replace LiCoO 2 . The interpretation of the 6, 7 Li NMR spectra of these substituted systems is not always obvious as several lithium crystallographic sites and paramagnetic environments may exist.
The LiM O 2 phases adopt a layered ''O3'' structure, 32 built from alternate sheets of edge-sharing M O 6 and LiO 6 octahedra ͑Fig. 1͒. The trivalent nickel and cobalt ions in these materials exhibit a low spin state, 20, 33 while the trivalent manganese and iron are in a high spin state. 34, 35 4 structure, but that the stacking of the sheets is disordered along ͓001͔ in both these compounds. 41 The lithium first coordination sphere is identical in the ordered and disordered structures, the lithium ion interacting through 180°oxygen bonds with four transition metal ions ͑Fig. 2͒. The transition metals are in a distorted tetragonal environment in this material, allowing the effect of lifting the degeneracy of the e g orbitals on the electron spin densities to be explored in the calculations.
In this paper, we present DFT calculations of the spin density around the transition metal, the oxygen and the lithium ions, and use this information to predict the magnitudes and signs of the Li hyperfine shifts as a function of the electronic structure of the surrounding transition metals. A brief introduction to the NMR theory and to the relevant DFT methodology is presented in the following two sections ͑Secs. II and III, respectively͒ before comparing the experimental ͑NMR͒ results and the DFT calculations in Secs. IV and V.
II. NMR CONTACT SHIFTS
The NMR shift (⌬/ 0 ) induced by the Fermi contact interaction in materials with 3d metal ions is proportional to the electron spin ͑i.e., unpaired electron͒ density at the nucleus (rϭ0). This quantity depends itself on the Fermi constant A c and on the time-averaged value of the electron spin in the material ͗S z ͘:
͑1͒
A c indicates how much of the spin density is at the site of the nucleus of interest and governs the direction of the shift. 
͗S
where 0 denotes the permeability, g is the electron g factor, B is the Bohr magneton, N 0 is Avogadro's number, and B 0 is the external applied field. Typically, only the timeaveraged value of S z, ,͗S z ͘, is meaningful with respect to the NMR experiment ͑at ambient temperatures͒ since the electrons ͑in systems that can be studied by NMR͒ relax several orders of magnitude faster than the coupling frequency A c /h ͑Hz͒. In transition metal oxides, the Fermi contact shift is generally considered to be additive, so that the shift due to many magnetic ions may be obtained from a sum of the shifts induced by each magnetic ion.
The approach outlined above is only strictly valid for systems where the orbital angular moment is quenched and the ''spin-only'' expressions may be used to calculate the magnetic moments. This is, however, a reasonable approximation for many transition metal ions.
III. FIRST PRINCIPLES CALCULATIONS
The NMR contact shift will have the same sign and will be proportional to the spin density at the nucleus arising from spin polarized transition metal ions. Scalar spinpolarized DFT is used in this paper to calculate the electron spin density at position R, by calculating the difference between the electron density of the majority spin and that of the minority spin
where ⌿ i ↑ and ⌿ i ↓ are the Kohn-Sham orbitals for the majority and minority spins, respectively. By convention, we will assign the term ''up spin'' to the majority spin on the transition metal ion, which will, hence, align parallel to the applied magnetic field in an NMR experiment. First principles calculations were performed using DFT in the generalized gradient approximation ͑GGA͒ with the pseudopotential method as implemented in the Vienna ab initio Simulation Package ͑VASP͒. 45 Such a method, as opposed to all electrons calculations allows one to treat large supercells, as required for the La 4 LiM O 8 and substituted LiM O 2 phases. A plane wave basis set with a cutoff energy of 400 eV was chosen. The reciprocal space sampling was performed with a k-point grid of 10ϫ10ϫ10 for the rhombohedral LiM O 2 and 10ϫ10ϫ6 for the monoclinic LiM O 2 structure. Grids of 3ϫ3ϫ2 and 6ϫ6ϫ6 size were, respectively, sampled in the Brillouin zones of the LiM 1/8 Co 7/8 O 2 and La 4 LiM O 8 structures. All structures are relaxed and the final energies of the optimized geometries were recalculated so as to correct for the changes in basis during relaxation. In principle, the contact interaction depends only on the electronic spin density at the nucleus, but here, since we use a pseudopotential method, this quantity is not accurate enough and it is preferable to track the change of the spin density in the vicinity of the nucleus, as done in the following.
The partial density of state ͑DOS͒ plots are obtained by projecting the wave functions in a sphere around each ion ͑using the ionic radius of each element as found in Shannon and Prewitt's table 46 ͒ and onto the five types of 3d orbitals. To evaluate the spin on the lithium nucleus, the spin density was integrated in a sphere around Li. This method will not provide a quantitative estimation of the contact shift, but will allow the sign and the relative sizes of different shifts to be determined. Methods for obtaining quantitative values of the shift will be discussed in Sec. V C.
Since the coumpounds considered here are paramagnetic at room temperature, in our calculations, the spins of the paramagnetic transition metal ions are assumed to be aligned with the applied magnetic field, however, no assumption is made regarding the resultant spin density around the lithium ions, which is an output of the calculation. We also discuss possible local antiferromagnetic couplings between transition metal ions, that can influence the resulting spin transfer on Li. Table I summarizes the experimental shifts observed for several layered oxides. Only the major resonances observed for the LiM y Co 1Ϫy O 2 compounds are given and their assignments will be discussed later. The shifts are all referenced to a 1 M LiCl solution. The LiCoO 2 compound is diamagnetic, because of the electronic configuration of the Co 3ϩ ions. It, therefore, does not exhibit a contact shift, in contrast to all the other LiM O 2 compounds, which all exhibit positive shifts. Note that the shift in LiFeO 2 could not be precisely determined, because of the large line broadening present for this sample, probably due to large dipolar interactions. However, the isotropic shift was estimated to be approximately 1000 ppm. 54 Several resonances are observed for the LiM y Co 1Ϫy O 2 substituted phases, which are positively or negatively shifted depending on the lithium local environment. 1, 10 The La 4 LiM O 8 phases studied show either positive or negative shifts depending on the transition metal ion. 41, 55 
IV. RESULTS

A. Summary of experimental shift data
B. Calculations
The relaxed cell parameters and bondlengths obtained from our first principles calculation are given in Table II and are compared to the experimental values when available. The calculations agree well with experiments: in all cases, the bondlengths are predicted to within 2% of experiment. For each compound we also checked that the electronic configuration obtained for the transition metal ion was consistent with the experimentally observed electronic states.
For LiNiO 2 and LiMnO 2 , two different structures were considered: the rhombohedral (M O 6 not Jahn-Teller distorted͒ and the monoclinic (M O 6 Jahn-Teller distorted͒. As already reported, the monoclinic structure is predicted from first principles calculation to be the more stable one by Ϫ248 meV for LiMnO 2 ͑Ref.
56
͒ and by only -11 meV for LiNiO 2 .
57 These values are consistent with the observations of a strong cooperative distortion in LiMnO 2 and a noncooperative one in LiNiO 2 at room temperature. 36 -38 Table II͒ , integration beyond a radius of 1 Å includes density that should more likely be assigned to the oxygen ions. This is clearly seen for the La 4 LiMnO 8 and La 4 LiCrO 8 compounds ͓Fig. 3͑a͔͒, where the spin density changes sign for rϾ1.4 Å. We therefore integrate the spin in a 0.8 Å radius sphere ͓the ionic radius for a lithium ion in an octahedral site is 0.76 Å ͑Ref. 46 ͒. Figure 4͑b͒ compares these values to the experimental shifts, already given in Table I 10 Resonances close to 0 ppm are unambiguously assigned in both samples to the lithium ions that are surrounded only by diamagnetic Co 3ϩ ions as first and second neighbors. 1, 10 The signals assignments were based on the application of the Goodenough and Kanamori superexchange rules to the M-O-Li interactions. 58 These rules are usually applied to determine the type of magnetic coupling ͑ferromagnetic or antiferromagnetic͒ between magnetic ions, 58 but extended to the M-O-Li systems, in order to determine the sign and the magnitude of the contact shift.
In order to determine how the spin density on the lithium nucleus depends on its paramagnetic environment we consider a supercell of the primitive LiCoO 2 cell with the LiM 1/8 Co 7/8 O 2 (M ϭCr, Ni͒ composition. The M 3ϩ ions are arranged so as to give alternating layers of (M 1/4 Co 3/4 ) and pure CoO 2 layers along the z direction. The cell was designed so as to have several different lithium environments with respect to the number and arrangements of M 3ϩ ions ͑Table III͒. The notation used to describe the different M-O-Li interactions is identical to that used in Fig. 1͑b͒ . The results given in Fig. 4͑b͒ correspond to single 90°and 180°F IG. 3. The total electron-spin difference, defined by the difference between the majority minus minority electron spin density, as a function of the integration radius around Li in the La 4 2 , calculations predict that a 180°interaction leads to a large, positive shift and that a 90°interaction leads to a small, negative shift, which is the opposite of the assignment reported previously.
V. DISCUSSION
A. NMR shift mechanisms
In order to understand the origin of the contact shifts and to be able to predict shifts in other compounds, we attempt below to rationalize the spin transfer mechanisms by suggesting general rules, which will then be discussed for each specific case. In the following, the 3d atomic orbitals of the transition metal ion M will be referred to as t 2g 
, and Li 2s orbitals leads to a bonding orbital with a large contribution from the oxygen orbital, which we shall refer to as the e g -p -s orbital and to an antibonding orbital with a large M contribution referred to as the e g *-p -s orbital. In a first approximation, the M t 2g orbitals can be considered to be nonbonding, however, we will clearly see that in some cases, the contact shift observed for Li cannot be explained without considering a mixing between the M t 2g and Li s orbitals. In the materials studied here, the O p orbital is also involved in this mixing, but one has to notice that this orbital is not necessary for this transfer. Spin transfer between two sites results essentially from the sum of two contributions with opposite signs.
Spin delocalization (or hybridization). Li, O, and M orbitals with the correct symmetry can overlap to form a spin orbital in the crystal. Therefore, a given spin polarization is maintained along the M-O-Li path and the spin transfer from M to Li is positive ͑i.e., aligned with the external magnetic field͒. This mechanism is illustrated in Fig. 5͑a͒ for 90°and 
180°M-O-Li interactions.
Spin polarization. Due to the exchange interaction, the unpaired electrons in the M orbitals polarize the other doubly occupied crystalline orbitals. This mechanism is illustrated in Fig. 5͑b͒ in the case of a 90°and 180°M-O-Li interactions, where the t 2g -p -s and the bonding e g -p -s crystalline orbitals are, respectively, polarized by other unpaired electrons located on M. Because of the exchange interaction, an electron with the same spin as the transition metal unpaired electron spends more time near M than an electron with the opposite spin ͑actually, two nonequivalent spin orbitals are involved͒. Therefore positive spin density at the transition metal is increased while negative spin density is induced on the p-s oxygen and lithium orbitals. Such a mechanism leads to a negative spin transfer from M to Li.
The mechanisms described above are similar to the one described in Ref.
14 for spin transfer from the transition metal ion to the oxygen ions in molecules and molecular solids. The total spin transfer from a transition metal ion to the Li site is the sum of the spin transferred by delocalization and polarization from each transition metal ion. The interaction geometry of the specific system needs to be considered, in order to determine the dominant mechanism, but in general, the shift caused by the delocalization mechanism is larger than that for the polarization mechanism. Jahn-Teller distortions of the M O 6 octahedra also have to be treated separately as they affect the type of e g orbital (d z 2 vs d x 2 Ϫy 2) involved in the transfer mechanism. These points will be discussed further.
B. Discussion for specific materials
The La 4 seen in the partial DOS plotted for Cr 3ϩ in the Ϫ6 eVϽE ϽϪ3 eV region ͑Fig. 7͒: more up-spin d x 2 Ϫy 2 states are occupied than down spin ones. As a result, the NMR shift is predicted to be negative. Notice also that a positive spin density is obtained for the O p orbital that forms a bond with the d xy orbital ͓Fig. 6͑a͔͒ because of the delocalization mechanism. These orbitals, however, do not have a net overlap with the Li 2s orbital but can participate to the transfer via a polarization mechanism occurring on O: the p orbital polarizes the p orbital that overlaps with Li 2s. Such a transfer would result in a negative spin transfer on Li, but should be small compared to the others. Therefore, to a first approximation this mechanism does not contribute to the Li hyperfine shift.
In 2 Ϫy 2 orbital lobes that point towards the oxygen ions ͓Fig. 6͑c͔͒. This mechanism leads to negative spin in the Li s orbital.
The calculated map in the (xy) plane of the spin polarization density for this compound is given in Fig. 6͑c͒ . Since the spin density on Li, i.e., the resulting NMR shift due to Ni 3ϩ is predicted to be positive ͓Figs. 3 and 6͑c͔͒, the polarization effect is weaker than the delocalization one in this case.
In La 4 LiMnO 8 , the Mn 3ϩ ion exhibits a high-spin
configuration ͑DOS not shown͒ and, hence, several 180°Mn 3ϩ -O-Li spin transfer mechanisms need to be considered ͑Table IV͒: a delocalization mechanism via the oxygen ion involving the d z 2 orbital in the (xy) plane ͑as described for La 4 In LiCr 1/8 Co 7/8 O 2 , the unpaired electrons are located in the t 2g orbitals of Cr 3ϩ . Therefore, the following transfer mechanisms can take place, depending on the geometry of the interaction ͑Table V͒.
90°interaction: the hybridization of the Cr 3ϩ t 2g , O p , and Li͑3͒ 2s orbitals leads to a positive transferred spin density on Li by the delocalization mechanism. The calculated spin density is shown in Fig. 5͑a͒ .
180°interaction: the polarization of the bonding e g -p -s orbital leads to a negative spin on the O p orbital that points towards M and Li͑2͒, as already discussed in the case of La 4 LiCrO 8 . The resulting spin transfer on Li͑2͒ is therefore negative ͓Fig. 5͑b͔͒. As a result, a positive NMR shift is predicted for Li͑3͒ (90°interaction͒ and a negative one is predicted for Li͑2͒ (180°interaction͒ in good agreement with the previous signal assignments ͓Figs. 9͑a͒ and 3͔. 10 The NiO 6 octahedra in LiNi 1/8 Co 7/8 O 2 are not Jahn-Teller distorted, as shown in the DOS for Ni ͑Fig. 10͒ ͑see also the d Ni-O bondlengths in Table II͒ . Therefore, the two Ni 3ϩ e g orbitals are almost degenerate and are both involved in the transfer mechanism. The following transfer mechanisms can occur ͑Table V͒. 90°interaction: the polarization by the e g electron spin, of the doubly occupied t 2g -p -s orbitals resulting from the hybridization of the Ni 3ϩ t 2g , O p , and Li͑3͒ 2s orbitals, leads to a negative spin on Li͑3͒. Note that another polarization effect can occur on O (e g -p -p -s overlap͒, leading to a negative spin on Li, but as it requires two O 2p orbitals it is weaker that the first one describe above.
180°interaction: ͑a͒ the delocalization mechanism involving the singly occupied orbital results in a positive spin on the O p orbital that points towards Ni and Li͑2͒. ͑b͒ The spin in the partially occupied e g orbital polarizes the bonding e g -p -s orbital involving the second e g orbital, leading to a negative spin on Li. Note that interactions directly involving only one of the two e g orbitals ͑the d x 2 Ϫy 2 orbital͒ are shown Table V. As seen in Figs. 9͑b͒ and 3 , the resulting spin density on the lithium ions is positive for Li͑2͒ and negative for Li͑3͒.
Therefore, the delocalization mechanism dominates for the 180°M-O-Li interaction. As the same mechanism occurs in La 4 LiNiO 8 , the sign of the transferred spin density for a 180°interaction does not depend on whether the degeneracy Overall, in the LiNi y Co 1Ϫy O 2 compounds, a negative NMR shift is predicted for Li͑3͒ ͑a 90°interaction͒ and a positive one is predicted for Li͑2͒ ͑a 180°interaction͒, in disagreement with the previous assignment of the ϩ110 and -15 ppm signals, based on the transposition of the Goodenough and Kanamori rules to the M-O-Li interaction. 1, 6 In this previous assignment, 6 the polarization mechanism was neglected as it was assumed to be weak in comparison to the delocalization and to the correlation mechanisms, as it is usually considered in the case of interactions between two transition metal ions. 58 However, it is clear from our calculations that the main mechanism, in addition to delocalization, is the polarization of doubly occupied orbitals by the electron spins occupying higher energy orbitals.
The , the size and sign of the shift is not easily predicted as the delocalization and the polarization mechanisms lead to different signs for transfer involving the t 2g and e g unpaired electrons.
The general trend of the predicted shifts is in good agreement with the experimental results for the LiM O 2 phases except for LiCrO 2 ͑Fig. 4͒, where a small, positive shift is seen experimentally. The positive shift for LiCrO 2 must be a result of the delicate balance between the two competing positive and negative shift mechanisms ͑i.e., the 90°and 180°interactions͒. However, the predicted shift (Ϫ210 ppm) for LiCrO 2 , estimated using the experimental values observed for single Li-O-Cr 90°and 180°interactions (6ϫ35ppmϩ6ϫϪ70 ppm 10 ͒ in the magnetically dilute sample LiCr x Co 1Ϫx O 2 is consistent with the result for LiCrO 2 obtained from our calculations. This suggests that the increased magnetic couplings between the Cr 3ϩ ions in LiCrO 2 may also change the sizes of the relative contributions of the two mechanisms.
As we noted earlier, the Jahn-Teller distortion of the MO 6 octahedra reduces the spin transferred in LiMnO 2 and LiNiO 2 ͓Fig. 4͑b͔͒. Considering that the e g orbitals are the most affected ones by the Jahn-Teller distortion, the 180°i nteraction must be the most modified, as the 90°interaction only involves the t 2g orbitals. We therefore discuss the shift decrease from the rhombohedral to the monoclinic cell considering only the 180°interactions. In the rhombohedral structure, both d z 2 and d x 2 -y 2 orbitals are involved in this transfer, as seen for LiNi 1/8 Co 7/8 O 2 . In the monoclinic structure, only the d z 2-p -s transfer will be weakened due to an increase in the M-O bond in the z direction, whereas the interactions in the (xy) plane should be strongest because of the shorter M-O-Li distances. We saw for La 4 LiM O 8 and LiNi 1/8 Co 7/8 O 2 that these 180°in (xy)-plane interactions were associated with either a negative spin transfer or a weak positive one. As a result, the spin transferred on Li and thus the shift predicted for the monoclinic LiM O 2 (M ϭNi, Mn͒ will be weaker than that predicted for rhombohedral LiM O 2 ͑no Jahn-Teller distorted M O 6 ).
C. Effect of the temperature on the shifts
Because ͗S z ͘ in Eq. ͑1͒ is proportional to B 0 as given in Eq. ͑2͒, the Fermi contact interaction should show the same temperature behavior as the magnetic susceptibility. A compound exhibiting Curie Weiss susceptibility will therefore exhibit a lithium shift that is inversely proportional to temperature. The temperature dependent NMR spectroscopy can thus identify magnetic phase transitions in a solid: Lee et al. used 6 Li MAS NMR to demonstrate that in orthorhombic LiMnO 2 a magnetic phase transition from short-range spin ordering to a long-range antiferromagnetic ordering occurs as temperature decreases. 47 In our calculations, the spin density around the lithium ions are calculated at 0 K in a situation where all the electron spins are aligned with the applied magnetic field ͑i.e., the magnetization is saturated͒. In such a case, the susceptibility is not defined. Referring to Eq. ͑1͒, we can nevertheless scale the calculated Fermi contact shift with the one expected at room temperature ͑RT͒, provided the RT susceptibility is known.
We can rewrite the contact shift, expressed in Hz, for a given applied magnetic field as Therefore, the shift in Hertz is proportional to the magnetization B 0 . At 0 K, whatever the field, the magnetization value is the saturation one, i.e., 2S B , S being the total spin per mole of the material, which can be calculated provided the electronic configuration of the transition elements is known. At any temperature and any field in the regime corresponding to the NMR experiment, the magnetization is given by B 0 , and can either be calculated provided the magnetic behavior is known ͑Curie or Curie-Weiss law͒, or measured experimentally. Therefore, the scaling factor required to calculate a RT contact shift ͑in Hertz, and therefore also in ppm͒ using our calculated spin densities is, in principle, known for a given compound.
The relative magnitudes of the contact shift as shown in Fig. 4 do not necessarily reflect the expected relative magnitudes at room temperature as the different compounds exhibit different magnetic behaviors. Lee et al. suggested that the presence of short-range Mn 3ϩ -Mn 3ϩ antiferromagnetic couplings that persist at ambient temperatures for this compound, contributes to the small value of the shift observed experimentally for LiMnO 2 and is the cause for its weak temperature dependence. 47 That is the presence of adjacent Mn 3ϩ ions with opposite spin results in the transfer of spin density with opposite polarity to the lithium ion serving to reduce the Li hyperfine shift. Therefore the resulting spin density at RT on Li should be smaller than that in hypothetical paramagnetic ͑Curie-like͒ LiMnO 2 . Finally, the small shift observed experimentally for LiMnO 2 must be due to the sum of two effects: AF Mn-Mn short-range coupling and Jahn-Teller distortion of the MnO 6 octahedra.
VI. CONCLUSIONS
We show that density functional theory calculations are a useful tool to interpret the observed paramagnetic shifts in layered oxides and allow us to elucidate the major transfer processes, i.e., delocalization and polarization mechanisms. This information can be used to predict the magnitudes and signs of the Li hyperfine shifts in other compounds with different Li local environments and electronic configuration of the transition metal ion. Especially, such calculations can be used to predict shifts in structures where the Li-M -O angle is different from 90°or 180°. Furthermore, a precise experimental knowledge of the magnetic susceptibility of any compound should allow us to estimate that actual value of the contact shift at the temperature corresponding to the NMR measurement.
We believe that such calculations can become an important tool to identify NMR paramagnetic shifts and hence further enhance the applicability of NMR as a detailed local probe. NMR spectroscopy also serves as an important method for testing predictions based on first-principles calculations.
